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Abstract 11 
  12 
The SEA-Clam wave energy device has undergone the metamorphic changes presented in the 13 
historical development. Each variation leads to more complex hydrodynamic and motion responses. 14 
The most recent novel Oscillating Water Column (OWC) form of the device has multiple internal free 15 
surfaces, the motions of which are required to predict power take-off once a device specification with 16 
structural integrity has been identified. Motion equations for structure and the large number of 17 
degrees-of-freedom of the free surfaces modelled as massless plates are derived and presented in a 18 
very compact form. This paper also proffers two simpler models consistent with standard offshore 19 
engineering calculations. These are investigated within since structural integrity of device requires 20 
further refinement; as demonstrated in the companion paper. Quality checks of the hydrodynamic 21 
analyses are explained and applied to justify the numerical investigations undertaken. Sea spectra for 22 
the possible operational site of South Uist are used to generate motion transfer functions for 23 
associated wave frequency range. The peak pitch response of this large annular shaped structure is a 24 
main concern regarding survivability. The analyses undertaken reflect conceptual rather than detailed 25 
design status of the device. 26 
 27 
Keywords: Multiple degrees-of-freedom, free-surface influences, hydrodynamic quality checks, 28 
negative added mass, Fredholm integral equations, boundary elements. 29 
 30 
1. Introduction 31 
 32 
Assessment of the OWC form of the SEA-Clam wave energy device is by definition complex. 33 
Thorough explanation of the analyses undertaken and their justification necessitates the research to be 34 
presented as two companion papers. Part A provides: historical development of the device, an 35 
explanation of the determination of the hydrodynamic characteristics, a full explanation of a complete 36 
motion response formulation, choices regarding device modelling and the presentation of 37 
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hydrodynamic loads and the resulting transfer functions. Part B addresses: dynamic structural loads 1 
and resulting stress distribution calculations with identification of engineering hot-spots and device 2 
changes necessary for structural integrity.  3 
 4 
1.1. Historical development of the SEA-Clam device 5 
  6 
The SEA-Clam device has undergone a number of metamorphisms. Initially it had a long (275m) 7 
terminator form (1979–1984) with pressurised flexible air bags facing the incident waves. A one-tenth 8 
model in Loch Ness is illustrated in Figure 1a.  Stability of device and wave direction independence 9 
led to the ring form of Figure 1b with the pressurised flexible bags on the outer face (1984–1992). 10 
Standard shear force and bending moment calculations can be readily applied to the long form of the 11 
device [1], but a special analysis had to be developed for the ring form [2]. Various specific design 12 
improvements took place in the period 1992–2008.  13 
 14 
             15 
Fig. 1a Straight Clam Loch Ness tests (1982)                Fig. 1b Circular Clam Loch Ness tests (1984 – 1992)  16 
                                                                                              17 
The device is essentially a regular dodecagon as illustrated in Figure 2a with one airbag per section. 18 
The initial 60m outer diameter of ring was increased to 80m in 2008. Further development led to 19 
the ‘hybrid clam’ in which some of the ballast space in each of the twelve sections was replaced by 20 
an N-shaped channel form of oscillating water column (OWC) with an opening at the base of the 21 
structure; compare Figures 2b & 2c. That is, the outer surface extracted energy through pressurised 22 
airbags, whereas the inner section operated as an OWC. The next step was to replace each outer 23 
pressurised bag with the J-shaped OWC channel of Figure 2d. In each case the draught is 6m. The 24 
hybrid clam and the SEA- OWC-Clam [3] exploit distinct methods of energy extraction. Within the 25 
bag of the hybrid form, and the J-shaped channel of the OWC form, extraction of energy is 26 
attributed to the surge degree-of-freedom, whereas in both device forms the N-shaped OWC 27 
exploits the heave degree-of-freedom. The natural surge and heave periods of the J and N OWC are 28 
respectively 8 seconds and 12 seconds [4]. These periods are quite distinct from overall structural 29 
natural periods, as predictions in Section 4 will illustrate. 30 
  31 
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Fig. 2a Plan view of SEA-OWC-Clam Fig. 2b Transverse section of Circular Clam (1992) 
  
Fig. 2c Transverse section of Hybrid Clam (1994) Fig. 2d Transverse section of SEA-OWC-Clam (2008) 
 1 
 2 
Whilst device efficiency is not to be predicted in this paper, Figure 3 [5] provides early estimates of 3 
individual capture efficiency for each OWC absorber and the combined capture efficiency of the twin 4 
OWC Clam. Essentially Figure 3 is based on a combination of insights deduced from Loch Ness 5 
testing of original SEA circular clam [6,7,8], 2D laboratory testing of the SEA-OWC-Clam partially 6 
addressed in [9], and related behaviour of oscillating water columns in the National Engineering 7 
Laboratory (NEL) [10]. Furthermore, it is claimed in [11], that the surge OWC and heave OWC 8 
capture powers are independent and have thus be added together. This independence might not be 9 
observed in the three dimensional form of the device which will be subjected to multi-directional seas 10 
in contrast to flume tank unidirectional waves. 11 
 12 
The capture efficiencies of Figure 3 are based on tabulated values of South Uist significant wave 13 
heights, crossing period, associated power and sea state weightings provided in [12].  However, 14 
detailed calculations leading to the claimed average efficiency of 59.4% and an associated annual 15 
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average power capture of 1.54 MW per device are not provided. Reference [11] further claims that the 1 
earlier hybrid 80m steel and concrete devices only exhibited an average power capture of 1.136MW. 2 
These historical estimated changes in efficiency are used by Bellamy [9] to highlight evolution of the 3 
device. 4 
 5 
 6 
Fig. 3 Predicted capture efficiency of 2008 SEA-OWC-Clam 7 
 8 
1.2. Paper structure 9 
 10 
In Section 2 the basics regarding selected environment, hydrodynamic modelling and quality of 11 
associated predicted characteristics via Haskind [13,14] and the Newman-Timman [15] relationships 12 
are discussed. Thereafter, analytic solution of the formulated motion responses and the procedure for 13 
determining the resulting dynamic pressure distributions are presented. Modelling of ‘closed’ and 14 
‘open’ device forms with derivation of their hydrostatic and inertial characteristics are provided in 15 
Section 3. Section 4 presents predictions and discussion of excitation and radiation loads, and the 16 
motion responses in regular waves. Section 5 summarises principal observations made and establishes 17 
appropriateness of reported analysis for subsequent structural integrity investigation [16]. 18 
 19 
2. Environmental, hydrodynamic, motion responses and dynamic pressure modelling 20 
 21 
Each of these distinct modelling aspects is addressed in turn. Appreciation of possible operational 22 
environment assists in identification of appropriate wave frequencies, whereas motion equation 23 
formulation depends on number and form of degrees of freedom. For ultimate structural integrity the 24 
resulting dynamic pressure loads must be determined. 25 
 26 
2.1. Environmental representation 27 
Regional wind generated wave data, in terms of significant wave height and crossing period, is 28 
captured in seasonal scatter diagrams. These diagrams also provide an indication of the probability of 29 
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such wave parameter combinations. Sea spectra, based on the cited combinations of crossing period 1 
and significant wave height, indicate the distribution of wave energy with wave frequency.  2 
 3 
In classical wave-structure interaction, the incident waves are considered to be regular and harmonic 4 
with wave direction and wave frequency specified. The product of the square of the transfer function,5 
 ,H of the calculated (measured) structural quantity of engineering interest (a motion, a stress et 6 
cetera) and the sea spectra  ,S provide the corresponding response spectra  ,R . 7 
 8 
In this case a transfer function        is essentially independent of the wave direction  , due to the 9 
axisymmetric geometry of the device.   10 
Mathematically the usual expression for response spectrum will simplify as shown in equation (1): 11 
 12 
             22,,,  HfSHSR  .      (1)  13 
 14 
The wave data collected to generate the spectra are usually considered unidirectional and wave 15 
direction dependence can be accommodated via an appropriate spreading function,  f , which may 16 
have a simple 2cos  dependence or the more complicated Mitsuyasu et al. form [17]. In the case of 17 
the investigation of scaled models of the Clam in Loch Ness, special wave direction monitoring 18 
systems were developed at British Ship Research Association (BSRA) to assist assessment of 19 
efficiency of operation in the prevailing wave conditions [18].  20 
 21 
With South Uist specified as a likely installation site [12] available numerical data [19] has been used 22 
to generate the monthly variation of sea spectra at this site, see Figure 4. Fully developed sea states 23 
are usually modelled mathematically using a Pierson-Moskowitz one parameter formulation [20] with 24 
more identification arguments presented in [21]. Two parameter formulations echo the Bretschneider 25 
approach [22].  26 
 27 
Water depth of 50m is assumed for South Uist.  To ensure motion responses are available for the 28 
associated spectra, the individual wave frequencies addressed in the hydrodynamic analysis are 29 
presented in Table 1 together with an indication of the water depth treatment in the associated 30 
hydrodynamic analysis. The kernel of the hydrodynamic integral equations solved must reflect deep 31 
water or finite depth water as appropriate. The software used automatically identifies water depth 32 
conditions and undertakes the appropriate required kernel (Green function) evaluations. 33 
6 
 
 
 1 
Fig. 4 Environmental characteristics captured as spectral density versus wave frequency (rad/s). 2 
 3 
Table 1 Wave characteristics and indication of hydrodynamic analysis performed 4 
 5 
Frequency 
(rad./s) 
Depth Wavelength  
(m) 
Frequency 
(rad. /s) 
Depth Wavelength 
(m) 
0.100 Finite depth    1379.72  0.878 Finite depth 79.90 
0.200 Finite depth 672.07 0.930 Finite depth 71.25 
0.300 Finite depth 428.23 0.975 Finite depth 64.83  
0.400 Finite depth 300.50 1.000 Finite depth 61.63 
0.465 Finite depth 244.52 1.020 Finite depth 59.24 
0.500 Finite depth 219.81 1.035  Finite depth 57.54 
0.522 Finite depth 205.81 1.055 Finite depth 55.38 
0.550 Finite depth 189.49 1.068 Finite depth 54.05 
0.620 Finite depth 154.89 1.085 Finite depth 52.36 
0.645 Finite depth 144.39 1.100 Finite depth 50.94 
0.669 Finite depth 135.11 1.125 Finite depth 48.70 
0.717 Finite depth 118.70 1.150 Finite depth 46.61 
0.750 Finite depth 108.90 1.240 Deep Water 40.09 
0.798 Finite depth   96.51 1.375 Deep Water 32.61 
0.870 Finite depth   81.36 1.500 Deep Water 27.39 
0.878 Finite depth   79.90 1.760 Deep Water 19.90 
 6 
 7 
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2.2. Hydrodynamic modelling 1 
 2 
Water is assumed to be inviscid and incompressible and its flow is considered irrotational. The 3 
governing elliptic partial differential equation (pde) is Laplacian. Consequently boundary conditions 4 
must be applied over a closed boundary [23]. These boundary conditions express continuity of 5 
velocity and pressure across the free surface, impermeability of the seabed and the structure(s) being 6 
analysed. At large distances from the structure, the Sommerfeld radiation boundary condition [14,23] 7 
ensures the waves attenuate as they travel away from the structure, since waves may not be ‘reflected 8 
at infinity’. 9 
 10 
Automatic satisfaction of the governing equation and all boundary conditions, except the structural 11 
impermeability requirement, can be satisfied by appealing to Green identities [24] to transform the 12 
pde formulation into a Fredholm integral equation, which is solved using a boundary element 13 
formulation. The mathematical forms of the kernels used with the integral equation formulation are 14 
computationally efficient [25]. The deep-water mathematically equivalent forms of Green function 15 
were published some years ago [25], whereas the efficient finite water depth forms, also used in this 16 
study, remain essentially unpublished.  17 
 18 
The boundary element method (BEM) provides the unknown radiation and diffraction velocity 19 
potentials on the wetted surface of the structure(s). That is, the resulting Fredholm integral equation 20 
[14,23] method uses the minimum solution domain required to provide the ‘reactive’ and ‘wave 21 
excitation’ forces and moments determined from the associated wetted surface pressure distributions. 22 
The hydrodynamic simulations were performed using the MATTHEW software [26] designed to 23 
analyse an arbitrary arrangement of arbitrarily shaped structures undergoing arbitrary harmonic rigid 24 
body motions. 25 
 26 
The structures may be distinct structures, interacting with one another, or, articulated structures or a 27 
combination of both. The rigid body motions are those indicated in Figure 5.  The translational 28 
motions of surge, sway and heave are positive along the positive coordinate axes, with right-hand rule 29 
rotations in Figure 5 defining positive roll, pitch and yaw. 30 
 31 
Mathematical analysis of the fluid structure interaction (FSI) of the SEA-OWC Clam can be readily 32 
achieved by treating each distinct internal free surface as a single moveable mass-less plate. This 33 
concept was applied previously by Hearn and Katory [27] in a 2D analysis of an OWC device and by 34 
Hearn et al. [28] in the 3D analysis of a damaged ship with multiple internal free-surfaces.  35 
 36 
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The complexity of the associated FSI of the OWC clam device is a function of the number of distinct 1 
degrees-of-freedom associated with each OWC free surface and the structure itself.  Since potential 2 
theory only acknowledges continuity of normal velocity across any boundary surface, it makes no 3 
sense to consider mass-less plate degrees-of-freedom tangential to the undisturbed internal free 4 
surface; namely the surge, sway and yaw motions defined in Figure 5.  5 
 6 
 7 
Fig. 5 Reference system 8 
 9 
Each free surface has three distinct vertical plane motions of heave, roll and pitch and hence there are 10 
72 degrees-of-freedom associated with the 24 internal free surfaces. This and the inclusion of the 11 
usual 6 rigid-body degrees-of-freedom of the actual Clam structure would necessitate formulation and 12 
solution of 78 coupled equations of motion; once all the associated hydrodynamic reactive (radiation) 13 
and wave excitation loads have been determined. Recognition of the existence of two anti-slosh plates 14 
per OWC would increase the internal surface degrees-of-freedom from 72 to 216; each original 15 
internal free-surface being partitioned into three distinct free-surfaces.  16 
 17 
Clearly replacement of the actual internal free surfaces with judiciously located structural plates 18 
would permit limited internal fluid flow within the OWC channels and treatment of the whole 19 
structure as a regular 6 degree-of-freedom offshore structure. This model is designated the ‘open’ 20 
device (Figure 6a). Replacement of the bottom and side openings of the J & N-shaped conduits by 21 
‘closure’ plates will be referred to as the ‘closed’ device (Figure 6b). A subsequent parametric 22 
analysis of closure plate thickness would allow appreciation of the effect of the openings on the 23 
overall stress distribution [16]. The closed device greatly simplifies both hydrodynamic and structural 24 
analysis. 25 
 26 
To appreciate complexity differences in the fluid structure interaction the motion response 27 
formulation will be provided for each possibility.  28 
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Fig. 6a     SEA-OWC-Clam: Open cross-section Fig. 6b    SEA-OWC-Clam: Closed cross-section 
 1 
 2 
In the FSI analysis undertaken the dynamic radiation and diffraction pressures are determined using a 3 
3D velocity potential based boundary element procedure [28], with subsequent structural integrity 4 
analysis undertaken using a matched 3D finite element model [16].   5 
 6 
Provided hydrodynamic reactive coefficients of added mass & added inertia and the mass & inertia 7 
characteristics of the structure are available an estimation of the natural frequencies of the device can 8 
be readily determined. Heave natural frequency is a function of device water plane area, whereas pitch 9 
and roll are functions of wetted area first moments and the assumptions made concerning the location 10 
of the interior water ballast. Given the interior mass of water below the undisturbed free surface 11 
cannot exceed the “displaced mass of water minus the material mass of the structure” (appealing to 12 
Archimedes Principle), the extent to which the underwater part may be flooded has to be determined 13 
to match preferred device draught. Device draught was initially specified by device inventor without 14 
mass distribution and engineering details being specified. Archimedes principle is satisfied as 15 
discussed in Section 3.3.  16 
 17 
2.2.1. Hydrodynamic characteristics 18 
 19 
The hydrodynamic analysis assumes that weight-buoyancy equilibrium exists.  Satisfaction of this 20 
requirement is addressed in Section 3. The interaction of incident waves with the structure, assumed 21 
fixed, gives rise to diffraction waves, whereas the radiation waves result from the structure oscillating 22 
in any one of its rigid body degrees-of-freedom in otherwise calm water. 23 
 24 
 25 
 26 
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2.2.2. Exploiting geometric planes of symmetry  1 
 2 
The origin of the Cartesian hydrodynamic coordinate system will be located in the undisturbed free 3 
surface at a horizontal location that permits geometric symmetry to be exploited. Selection of such an 4 
origin leads to additional mechanical coupling in the motion response equations because of the 5 
location of the centre of gravity. Clearly an origin that allows two planes of symmetry to be exploited 6 
reduces the size of the full matrices formulated to a quarter of the complete device formulation.  7 
 8 
The device quarter explicitly defined can be located in any quadrant; here it is positioned in the first 9 
quadrant with positive x- and z-values. The hydrodynamic characteristics of input structure and the 10 
1
st
, 2
nd
 and 3
rd
 images of Figure 7 are determined without images being explicitly generated. Table 2 11 
provides the symmetry properties for each degree-of-freedom for each image. The diffraction velocity 12 
potential has no general symmetry properties and so the mathematical formulation must facilitate 13 
solution determination in all four quadrants. All six degrees-of-freedom are addressed to allow 14 
hydrodynamic quality checks. 15 
 16 
 
Motion Input 
Section 
1
st
 Image 2
nd
 Image 3
rd
 Image 
Surge +1 -1 -1 +1 
Sway +1 +1 -1 -1 
Heave +1 +1 +1 +1 
Roll +1 +1 -1 -1 
Pitch +1 -1 -1 +1 
Yaw +1 -1 +1 -1 
 
Fig. 7 Designation of images of explicitly 
defined clam structure. 
 
Table 2 Single rigid structure velocity potential sign 
changes of image structure relative to Input section 
 17 
2.2.3. Hydrodynamic quality checks 18 
 19 
The radiation potentials provide the reactive coefficients of added mass (inertia) and fluid 20 
damping, kjA  & kjB , determined in accordance with jkjjkjkj sBsAF   , subject to: 21 
 22 
     {
 
    
 ∫    
     
  }  and       {
 
   
 ∫    
     
  } .        (2) 23 
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 1 
That is the force/moment kjF  in the k
th
 direction due to the motion in the j
th
 direction is expressed in 2 
terms of the unknown acceleration js  and the unknown velocity js . Using Green’s identities [14] one 3 
can readily prove the symmetry relationship that jkkj AA   and jkkj BB  for all k & j, irrespective of 4 
structural geometric form [14]. For the clam device the differences of cross coupling terms were very 5 
small. To avoid introducing unrealistic asymmetries in the motion response equations the average 6 
value of corresponding cross terms is used. 7 
 8 
Through Green’s identities one can establish the mathematical equivalence of the direct method of 9 
calculating wave excitation loads using incident and diffracted velocity potentials and the Haskind 10 
relationship [14] based on incident wave velocity potential and the radiation velocity potential 11 
associated with the degree-of-freedom corresponding to the direction of the required wave loading.  12 
That is, one uses the mathematically equivalent wave excitation expressions: 13 
  exp( )
W
k
Direct
k Excitation I D
S
F dS i t
n

   

  

 14 
and            (3) 15 
exp( )
W
k
Haskind I
k Excitation I k
S
F dS i t
n n
 
   
  
   
  
 . 16 
 17 
This requirement has been checked for all wave frequencies. These checks provide confidence in the 18 
appropriateness of the calculated hydrodynamic properties and justify the sizing and distribution of 19 
the selected boundary elements. 20 
 21 
2.2.4. Alternative discretisation of the SEA-OWC-Clam  22 
 23 
The device geometry presented in Figure 2d requires many degrees-of-freedom to be addressed. 24 
Given the device details provided are conceptual rather than detailed design based, two alternative 25 
simpler models are used for reasons justified in Sections 2.2 and 2.4.  26 
 27 
In the ‘open’ model, flat plate closures are introduced within the J and N OWC channels as illustrated 28 
in Figure 6a. Their location can represent emergency safety closure-plates activated when operation of 29 
OWC wave extraction is not considered prudent in terms of device survivability. The plate thickness 30 
is consistent with the rest of the structure. 31 
 32 
The ‘closed’ structural model is illustrated in Figure 6b.  Ideally an opening within the structure 33 
should be strengthened, as addressed in Figure 4 of Part B [16]. However, such fine structural support 34 
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elements makes the hydrodynamic model excessively large. Therefore the ‘closure plates’ of the 1 
‘closed model’ have variable thickness in the structural model [16]. 2 
 3 
Different BEM discretisations are required for the ‘closed’ and ‘open’ versions of the SEA-OWC-4 
Clam. In the ‘closed’ case 270 quadrilateral boundary elements explicitly defined a module; hence 5 
810 elements are used to define the quarter structure of Figure 8a. The corresponding ‘open’ 6 
discretisation requires 480 quadrilateral elements for each module and hence 1440 elements define the 7 
quarter structure of Figure 8b. Here the representative length scale of the largest boundary element 8 
used, in each case, was less than 5% of the shortest wavelength considered.  9 
 10 
On those parts of the structure common to both idealisations, the  BEM discretisation is identical to 11 
allow direct comparisons of the ‘closed’ and ‘open’ device forms in these areas. 12 
 13 
 
Fig. 8 BEM discretization a & b used with closed and open form of SEA-OWC-Clam 14 
 15 
2.3. Generalised equations of motion for the SEA-OWC-Clam  16 
 17 
For wave energy extraction performance the motion analysis must include the influences of the three 18 
possible degrees-of-freedom associated with the J and N shaped OWC free surfaces. The surge, sway 19 
and heave translational motion equations of the device are:  20 
 21 
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 11 
The additional moments of the mass on the left hand side of equations (4a) are associated with the 12 
centre of gravity              being distinct from the origin of the Cartesian reference system 13 
presented in Figure 5. The symmetry of geometry and mass distribution will imply that         . 14 
The corresponding general roll, pitch and yaw device motions in a relatively simple form satisfy: 15 
 16 
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 25 
Here the added mass,    
  , and the fluid damping,    
  , provide measures of the reaction in the k
th 
26 
direction on the M
th
 structure or substructure, resulting from the N
th
 structure or substructure 27 
undergoing  a motion of unknown amplitude in the  j
th
 degree-of-freedom. Similarly    
   denotes the 28 
hydrostatic restoration terms acting on a structure or substructure; there is no hydrostatic 29 
Archimedean restoration in the horizontal plane. Clearly superscript S, J and N indicate physical 30 
structure and massless free surface plates associated with the J-shaped and N-shaped OWC. The 31 
motion related displacement,   
 , now indicates that the N
th
 structure or substructure moves in  j
th
  32 
degree-of-freedom subject to all other substructures remaining stationary in the associated 33 
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hydrodynamic analysis. This approach permits identification of cause and effect influences. The 1 
excitation load in the k
th
 direction on the N
th
 structure or substructure due to the incident and diffracted 2 
waves is designated    
  . The mass of the structure, M, has a superscript S and the moments of 3 
inertia, I, have a double subscript corresponding to the associated degree-of-freedom of the pertinent 4 
motion equation. Velocity and acceleration are indicated using classical mathematical notation. 5 
 6 
In the case of geometric symmetry not implying symmetry of mass distribution, the products of inertia 7 
will be non-zero. Hence there is structural borne coupling of the rotational degrees of freedom [29].  8 
When non-symmetry of mass exists the first pure moment of inertia dependent term in each of 9 
equations (4b) are replaced in accordance with equation (5)  10 
 11 
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 15 
It is implicit within the device and free surface reactive loads that the forcing in the k
th
 direction on the 16 
M
th
 structure due to the N
th
 structure oscillating in the j
th
 degree-of-freedom, subject to  all other 17 
substructures remain stationary, can be expressed in terms of added mass (inertia) and fluid damping 18 
terms as: 19 
j
MN MN N MN N
kj kj jk kj jF A s B s  .       (6) 20 
Since these reactive forces are a function of the unknown motions, this mathematically equivalent 21 
way of expressing the reaction terms permits their correct inclusion in the dynamic motion equations. 22 
Essentially the radiation forces and moments are resolved in a right handed reference system 23 
recognising that velocity and acceleration are orthogonal. 24 
 25 
There are 72 coupled free surface equations of motion for the massless plates modelling the 24 free 26 
surfaces and their 3 associated degrees-of-freedom. That is, each free surface for each OWC-shape is 27 
identified according to               with            denoting the heave, roll and pitch motions. 28 
The 72 newly derived motion equations for the J related and the N related free surfaces are readily 29 
expressed in the compact form of equations (7a) and (7b), namely:  30 
 31 
 32 
 33 
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 20 
Inclusion of the structural baffles would require generalisation of the proposed equations over each 21 
partitioning of the free surface. The increased cross coupling requires summation over free surface 22 
subdivisions designated outer, middle and inner, say, and generalisation of    and   to   
  and  
  23 
with the superscript indicating the appropriate affected or causal portion of the free surface.  Device 24 
performance analysis would need inclusion of power take off characteristics to reflect method and 25 
physical changes associated with energy extraction. 26 
 27 
Energy conversion is to be based on a closed system.  The amount of power extracted by the device 28 
clearly depends upon the movement of the internal free surfaces relative to the motion of the 29 
structural ring enclosing the J and N-shaped channels. These motions will generate compressed air 30 
that is pushed into and stored in the single high pressure reservoir (designated HP in Figure 2d). The 31 
HP reservoir is used to drive a unidirectional turbine which is coupled to an AC generator. The 32 
16 
 
 
exhausted air from the turbine is fed into a low pressure (LP) duct that is used to re-establish the 1 
initial conditions of the extraction process. 2 
 3 
Theoretical prediction of overall efficiency requires the fuller generalised motion analysis to 4 
incorporate power extraction terms of the form 3( )
i iJ J s
jPTOB s s  or 3( )
i iN N s
jPTOB s s   to address relative air 5 
volume changes in each OWC; notation is explained in Section 2.2.4. However, specification of 6 
power extraction damping coefficients depends upon detailed knowledge of the engineering of the 7 
energy extraction process. 8 
 9 
Realistic physical measurement of the wave extraction device requires a prototype of an appropriate 10 
scale. Investment in such a structure requires justification of survivability of the device, as addressed 11 
in [16]. Currently the design team estimates of efficiency are limited, as explained in discussion of 12 
Figure 3.  13 
 14 
2.4. Reduced motion equations and analytic solutions 15 
 16 
The number of distinct velocity potentials to be determined to evaluate the reactive added mass & 17 
fluid damping coefficients and the wave excitation loads in the generalised equations of the previous 18 
section is very computationally demanding and makes the initial design process unnecessarily over 19 
refined when structural details are preliminary estimates at best. That said, simplification of the initial 20 
more exact motion response to standard floating offshore analysis seems more sensible, even if 21 
viewed as more pragmatic.    22 
 23 
For either simplified single rigid body the equations required take on the form:  24 
 25 
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 30 
Superscripts      on the reactive hydrodynamic coefficients are now unnecessary since there is just 31 
one floating structure. Assuming both geometric and mass distribution symmetry implies    32 
         then equations (8a) simplify to: 33 
 34 
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 35 
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            (8b)          1 
 2 
          (   
     ) ̈      ̇               ̈       ̇   
    ̈    
       . 3 
 4 
Author experience in offshore analysis shows that mooring influences, often included as additional 5 
stiffness terms in Equations (8), has less influence on the structural excursions than the structural 6 
excursions have on the mooring line analyses. Hence mooring effects are not addressed here since 7 
only first order influences are being modelled [Chapter 9 of 18, 30]. 8 
 9 
Whilst it is quite common to solve the motion responses numerically, using Gaussian elimination, the 10 
axi-symmetric nature of the SEA-OWC-Clam device geometry permits analytic solution of the 11 
uncoupled heave response and the coupled surge-pitch responses.  12 
 13 
Since all the hydrodynamic and hydrostatic quantities produced by the MATTHEW software are per 14 
unit fluid density, it follows that upon dividing the motion equations by the fluid density     then the 15 
calculated hydrodynamic and hydrostatic data can be used directly and the mass term   replaced by 16 
the calculated displaced volume   . Hence the solution of the heave Equation (8b) yields: 17 
 18 
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and                           (9) 21 
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It should be noted that the analytic solutions for the coupled surge and pitch require the effective pitch 24 
moment of inertia:  25 
 26 
    
    
   
 
 
    
      
 
    
 
 ,        (10) 27 
 28 
where    
      is determined from the structural model of the device and    
  is the moment of the ballast 29 
water of unit density derived in Sections 3.3.1 and 3.3.2.  30 
 31 
Required analytic solution yields:  32 
 33 
 34 
 35 
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The denominator terms are: 19 
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 27 
Since the vertical centre of gravity coordinate is negative it can be replaced by its modulus. The 28 
hydrostatic terms     &     and the velocity potentials per unit displacement are determined by the 29 
MATTHEW code. Hence the motions and structural loadings may be investigated upon noting that 30 
the hydrodynamic analysis is determine using two planes of geometric symmetry. 31 
 32 
2.5. Dynamic pressure distribution 33 
  34 
The ABAQUS
®
 [31] FEA based structural analysis requires explicit specification of the dynamic 35 
pressure distribution over the entire structure. This is facilitated through the following steps: 36 
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 1 
 Using known symmetry properties of the radiation velocity potentials, specified in Table 2, 2 
the velocity potentials over the whole structure of Figure 7 can be readily determined. 3 
 4 
 Using analytical solutions of the rigid body motions the dynamic pressure acting on the 5 
structure for the selected wave frequency and heading at a generic point of the structure 6 
 , ,x y z is determined from: 7 
 
     .,;,,,;,,
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 9 
 The most general resulting velocity potential is determined in accordance with: 10 
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 12 
Here   is the amplitude of the incident wave propagating in the direction   and described analytically 13 
by           
  
 
 
     [      ]
    [  ]
    [         ].            is the change in the incident wave 14 
potential due to the presence of the structure, assumed to be fixed.            is determined in each 15 
quadrant automatically by the MATTHEW code.  16 
 17 
For the simplified single body analysis one simply sets each   
    and    
   to zero and reduces the 18 
number of structural degrees-of-freedom to surge, heave and pitch; since loading is effectively 19 
independent of wave heading (see Section 4.1). 20 
 21 
3. Device modelling 22 
 23 
Whatever the actual structural arrangement, ‘closed’ or ‘open’, the mass-inertial characteristics of the 24 
structure must be evaluated to be consistent with the Archimedean state of balance; this is addressed 25 
next for both open and closed structural models. 26 
 27 
 28 
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3.1. SEA-OWC-Clam geometric models  1 
 2 
The initial idealisation considered is the ‘closed’ structure. The ‘closure plates’ highlighted in Figure 3 
6b are initially the same thickness as the whole structure. Thereafter they are reduced so that the 4 
changes in stress levels in the remainder of the structure can be assessed [16].  5 
  6 
Lower experienced loads will be demonstrated [16] through removal of the ‘closure’ plates and 7 
analysing the ‘open’ structure of Figure 6a.   8 
 9 
The open structure thus consists of ‘essential’ members that contribute to the structural integrity of the 10 
device and ‘non-essential’ members that serve to direct the water through the openings in a simpler 11 
and more restrictive manner than the intended J-tube and N-tube paths. 12 
  13 
3.2. Hydrostatic characteristics  14 
 15 
To achieve the required draught ballast water must be added. Trivially, geometric and mass 16 
symmetry means the structural centre of gravity must satisfy        ; whereas          is a 17 
proposed operational condition. Tables 3 & 4, automatically generated by the hydrodynamic analysis, 18 
specify displaced volume, wetted surface area and hydrostatic coefficients for the ‘closed’ and ‘open’ 19 
structures respectively.  20 
 21 
Table 3 Determined characteristics of closed form of SEA-OWC-Clam 22 
 23 
Volume, GM and Surface Area (SA) Restoration Coefficients per unit fluid density 
  determined 
within hydrodynamic 
analysis is  
1.05380D+04 
GMT  =1.04344D+02 C33=1.74851D+04 C34=0.00000D+00 C35=0.00000D+00 
GML  =1.04343D+02 C43=0.00000D+00     C44=1.07868D+07     C45=0.00000D+00 
  SA  = 4.22864D+03 C53=0.00000D+00     C54=0.00000D+00     C55=1.07868D+07 
 24 
Table 4 Determined characteristics of open form of SEA-OWC-Clam 25 
 26 
Volume, GM and Surface Area (SA) Restoration Coefficients per unit fluid density 
  determined 
within hydrodynamic 
analysis is  
7.97483D+03 
GMT = 1.15213D+02 C33=1.50786D+04 C34=0.00000D+00     C35=0.00000D+00 
GML = 1.15213D+02 C43=0.00000D+00     C44=9.01349D+06     C45=0.00000D+00 
   SA = 7.84871D+03 C53=0.00000D+00     C54=0.00000D+00     C55=9.01347D+06 
 27 
21 
 
 
The presented restoration coefficients (   ) are the translational and rotational hydrostatic stiffness 1 
coefficients, determined from integration of the appropriate sums and moments of the hydrostatic 2 
pressure.    is a measure of the transverse and longitudinal intact stability [32] of the floating 3 
structure.    must be positive. Integrity of the hydrodynamic boundary element model of the device 4 
is established by ensuring wetted surface area and displaced volume are consistent with the actual 5 
structure being modelled.  6 
 7 
3.3. Inertial characteristics  8 
 9 
The buoyancy force is balanced by the total weight of the structure. Hence for a specified draught the 10 
total mass of the structure is readily determined. The moment of inertia however requires some 11 
thought. Analytic expressions are developed in preference to applying numerical methods. 12 
 13 
3.3.1. Moment of inertia of closed structure 14 
 15 
The SEA-OWC-Clam steel mass,
steelM , and the ballast water within the structure, waterM ,  must 16 
equal the displaced mass of water, displacedM , that is:  17 
 18 
displacedwatersteel MMM   water V .        (15) 19 
 20 
Here V  is the calculated displaced volume of Table 3. Sea water density of 1025 kg/m3 is assumed. 21 
steelM  is determined within the structural finite element code ABAQUS
®
 [16].  22 
 23 
In offshore structure analysis cylindrical elements are usually modelled using a polygonal 24 
representation of appropriate radius identified to provide good estimates of wetted surface area and 25 
displaced volume. Here, a similar logic is applied for identification of the ballast water region. The 26 
ballast water within the dodecagonal device is located between appropriate inscribed and 27 
circumscribed circles.  28 
 29 
The required amount of ballast water is waterwatersteeldisplacedwater VMMM  . waterM  is an 30 
important component of the pitch moment of inertia 
xxI  and can be determined by considering an 31 
annulus of internal water  whose radii can be evaluated in two different ways: 32 
 33 
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 Initially the SEA-OWC-Clam is considered a dodecagon inscribed in an external circle of 1 
radius 40.0086oR m , and a smaller internal circle of radius 31.7266iR m ; these two radii 2 
values give a mean radius value of 35.8676mR m  as shown in Figure 9a. 3 
 4 
 
Fig. 9a Plan view of closed SEA-OWC-Clam as inscribed dodecagon 
 5 
Assuming the water is spread a distance        either side of the mean radius then the annulus 6 
has an outer radius of   wm atertR   and an inner radius of  wm atertR  . Hence it readily 7 
follows that for draught  : 8 
 9 
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              (16) 10 
 11 
 Next the SEA-OWC-Clam is considered a dodecagon circumscribed to an external circle of 12 
radius mRo 6454.38 , and a smaller internal circle of radius mRi 6454.30 ; these two 13 
radii values give a radius mean value of mRm 6454.34  as shown in Figure 9b. 14 
 15 
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Fig. 9b Plan view of closed SEA-OWC-Clam as circumscribed dodecagon 
 1 
Clearly for each of the two strategies the mean radius 
mR is different. In fact using the average value 2 
of these two mean radii leads to 2565.35)6454.348676.35(5.0 mR m. Hence rearranging 3 
equation (16) and utilising said radius yields:   4 
 5 
4
water
water
water m
M
t
h R
 =3.48 m.       (17) 6 
 7 
Hence the required mass moment of inertia of the ballast water about the device diameter is: 8 
 9 
   
2 2 2
55
1 1
4 12
water W
xx water m water m water waterI I M R t R t M h
      
  
  (18) 10 
yielding an     
      value of 5,983,731,696 kg m
2
. 11 
 12 
The moment of the inertia of the entire SEA-OWC-Clam is the summation of the moment of inertia of 13 
the dry mass and the moment of inertia of the water inside the structure i.e. 
water
xx
dry
xxxx III  . The 14 
value of 55
dry Steel
xxI I  corresponding to the structural elements is provided by ABAQUS
®
. In the 15 
standard motion analysis formulation of Section 2.4 the effective moment of inertia defined in 16 
Equation (10) is used; in this case it corresponds to 6,648,588.601 m
5
.  17 
 18 
It should be noted that in this case, in order to ensure that the closed form of the device floats, the 19 
underwater section was only filled to 6m and this volume of water represents 87.85% of the displaced 20 
underwater volume. 21 
 22 
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3.3.2. Moment of inertia of open structure 1 
 2 
For the open case we have two cylinders of water to allow for the location of the openings and the 3 
simplified flow paths. Otherwise the process is similar in terms of inscribed and circumscribed 4 
cylinders, see Figures 10a & 10b, but the existence of internal water and openings fixes certain radii 5 
values.  6 
 7 
 
Fig. 10a Plan view of open SEA-OWC-Clam as inscribed dodecagon 
 
Fig. 10b Plan view of open SEA-OWC-Clam as circumscribed dodecagon 
 8 
 9 
Table 5 summarizes the representative calculations 10 
 11 
 12 
25 
 
 
Table 5 Interim calculations of moment of inertia for open structure 1 
Cylinder  Water Mass 
(kg) 
Inertia of water 
(kg m
2
) 
Steel inertia 
(kg m
2
) 
Total Inertia 
(kg m
2
) 
Effective inertia   
(m
5
) 
Inner 3711837.293 2057536810 
1027947000 5157016134 5031235.253 
Outer 2855259.457 2071532324 
Inner 3711837.293 1932379954 
1027947000 4886606765 4767421.234 
Outer 2855259.457 1926279810 
Totals 6567096.750  Means 5021811449 4899328.243 
 2 
 3 
In this case the internal water occupies 80.34% of the displaced underwater volume. 4 
 5 
With the equations of motion derived together with an indication of the structural, hydrostatic and 6 
hydrodynamic characteristics required, the results of the hydrodynamic and motion response analyses 7 
are addressed next. 8 
 9 
4. Presentation and discussion of predictions 10 
 11 
All hydrodynamic and hydrostatic based quantities are per unit fluid density for consistency with the 12 
motion response arguments of Section (2.4). A subscript indicating a related direction in the preceding 13 
mathematics is no longer present in the graphical presentation of these quantities. The hydrodynamic 14 
characteristics will indicate the likely resonant frequencies to be observed in the motion responses of 15 
open and closed models.  16 
 17 
4.1. Excitation and reactive hydrodynamic characteristics 18 
 19 
For the ringed form of the Clam (irrespective of specific configurations) and for the majority of wave 20 
frequencies considered the heave excitation is insensitive to wave direction. That is, incident wave 21 
travelling along the common radius of two neighbouring modules or striking the flat side of a module 22 
show negligible difference in wave excitation loads for most wave frequencies. 23 
 24 
Figures 11, 12 & 13 provide the variation of magnitudes of the wave excitation loads, for unit wave 25 
amplitude, with incident wave frequency (ω) for the closed and open forms of the SEA-OWC-Clam 26 
device for surge, heave and pitch. Whilst the magnitudes of closed and open forms are quite 27 
comparable this does not mean they have the same phase relation with the incident wave since their 28 
26 
 
 
displaced volumes and wetted surface areas of  Tables 3 & 4 are quite distinct. The corresponding 1 
changes in the hydrostatics (particularly the pitch restoration coefficient) will influence the phasing 2 
relationship. Openings within the structure allow some internal flow and this reduces the loading at 3 
longer wavelengths (higher periods). This will ultimately influence the stress levels predicted.  4 
 5 
Figures 14 to 19 provide the pure surge, heave and pitch reactive (radiation) coefficients of
kkA & kkB : 6 
k = 1, 3 & 5 for both geometries. Negative pitch added inertia for the closed structure, negative surge 7 
and heave added mass for the open structure, are not a readily appreciated concept for those who think 8 
in terms of ‘entrained’ mass. However, in an offshore engineering context it is expected e.g. negative 9 
added mass values for submerged cylinders [33] and a floating torus [34]; clearly of relevance to this 10 
device. 11 
 12 
Only the surge-pitch cross-terms presented in Figures 20 and 21 are non-zero. For both geometries the 13 
numerical differences are not readily detectable in these graphs.  14 
 15 
 16 
Fig. 11 Modulus of surge excitation force versus wave frequency 17 
27 
 
 
 1 
Fig. 12 Modulus of heave excitation force versus wave frequency 2 
 3 
 4 
Fig. 13 Modulus of pitch excitation moment versus wave frequency 5 
 6 
 7 
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 1 
Fig. 14 Variation of pure surge added mass versus wave frequency 2 
 3 
 4 
 5 
Fig. 15 Variation of pure surge fluid damping versus wave frequency 6 
 7 
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 1 
Fig. 16 Variation of pure heave added mass versus wave frequency 2 
 3 
 4 
Fig. 17 Variation of pure heave fluid damping versus wave frequency 5 
 6 
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 1 
Fig. 18 Variation of pure pitch added mass versus wave frequency  2 
 3 
 4 
 5 
Fig. 19 Variation of pure pitch fluid damping versus wave frequency 6 
 7 
31 
 
 
 1 
Fig. 20 Variation of pitch induced surge added mass (A15=A51) versus wave frequency 2 
 3 
 4 
 5 
Fig. 21 Variation of pitch induced surge fluid damping (B15=B51) versus wave frequency 6 
 7 
 8 
 9 
 10 
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4.2. Rigid body motion responses 1 
  2 
Figures 22 to 24 provide the magnitude of the surge, heave and pitch motions per unit wave amplitude 3 
respectively.  4 
 5 
The surge motion, Figure 22, is not particularly sensitivity to the differences of geometric form or 6 
amount of water ballast and hence inertia characteristics.  7 
 8 
The heave response in Figure 23 is quite different from what is usually expected in a conventional 9 
heave transfer function for ships. In the latter case we would expect heave amplitude per unit wave 10 
amplitude to tend to unity (from above) as ω tends to zero, otherwise the heave motions will gradually 11 
increase to a resonance value and then quickly drop away as frequency increases.  Above a certain 12 
threshold frequency the amplitude will appear to be frequency independent, with an amplitude small 13 
compared to the incident wave amplitude. Short wavelengths have little impact.  14 
 15 
The behaviour of Figure 23 is dramatically different.  As ω tends to zero the motion response per unit 16 
amplitude tends to unity from below. The peaks that occur are initiated from very low responses and 17 
return to low responses over a short range of frequencies (0.75–1.25). However, it is in keeping with 18 
the heave predictions of a simple circular cross section torus analysed by Newman [34]. At the natural 19 
frequency the term [      
         ] of Equation (9) will equal zero. Inspection of detailed 20 
related computational files shows that zeroing of this term and the observed peak response occurs near 21 
0.95rad./s and 1.0rad/s for the open and closed forms respectively in Figure 23. Approximate hand 22 
calculation of this situation is possible using Tables 3 or 4 for appropriate geometric form and use of 23 
added mass plots presented in Figure 16. 24 
 25 
There is very little difference in the heave response of the closed and open forms of the device. 26 
 27 
For the closed form of the device pitch (Figure 24) is equally dramatic for a frequency close to 1 28 
rad/s. For the open device the pitch motion is relatively normal with a small secondary peak at 1 rad/s.  29 
 30 
Operation of the closed form of the device in a sea state with excessive energy at a period of 6 31 
seconds could prove interesting in terms of resulting vertical motion (vector sum of heave and pitch).  32 
 33 
In offshore engineering analysis apparent over predicted resonances can be addressed by introducing a 34 
viscous damping correction based on the peak fluid damping coefficient. For example, the pitch fluid 35 
damping term    ̇  can be replaced in the pitch motion equation by the nonlinear term (    36 
33 
 
 
     
    | ̇ |) ̇ , where     
    | ̇ | is treated as the equivalent ‘viscous’ damping term. The scaling 1 
term alpha is assigned a value up to, but not usually exceeding 0.2. 2 
 3 
In practice the motion equations are solved as originally formulated. Thereafter the pitch solution is 4 
used to assign | ̇ | and for a selected alpha value the viscous damping term is evaluated to permit 5 
solution of the nonlinear formulation as a linear equation. Iteration will then yield a steady convergent 6 
value of pitch motion. The viscous damping correction will only affect responses in the region of the 7 
resonance peak.  8 
 9 
To assess the sensitivity of the linear predicted pitch to viscous damping we will first address the pitch 10 
response spectra generated using Equation (1) and the spectral data of Figure 4 for the higher energy 11 
March and November observation for the South Uist location. Figure 25 shows that the high peak 12 
resonance of closed form in Figure 24 is prominent in the generated response spectrum. Figure 26 13 
investigates the influence of viscous damping terms for different values of alpha. 14 
 15 
For an alpha value as small as 0.05 the reduction in peak amplitude for both March and November is 16 
36%. 17 
 18 
 19 
Fig. 22 Modulus of surge motion per unit wave amplitude versus wave frequency 20 
 21 
34 
 
 
 1 
Fig. 23 Modulus of heave motion per unit wave amplitude versus wave frequency 2 
 3 
 4 
Fig. 24 Modulus of pitch motion per unit wave amplitude versus wave frequency 5 
 6 
35 
 
 
 1 
Fig. 25 Variance response spectral density versus frequency (rad/s) 2 
 3 
 4 
Fig. 26 Increasing viscous damping influences on peak pitch response of closed SEA-OWC-Clam 5 
36 
 
 
5.0. Closure 1 
 2 
Hydrostatic and inertial properties have been deduced in each model to provide preferred draught and 3 
centre of gravity so as to ensure device is capable of floating at required draught. 4 
 5 
As an operational wave energy device with some confidence in the structural integrity the more 6 
complex 222 degrees-of-freedom hydrodynamic and motion response analysis is required together 7 
with the indicated form of power take-off effects. At the current preliminary design two simpler 8 
hydrodynamic models have been investigated. The closed form structure is expected to exhibit higher 9 
stresses than the open model, which in turn will experience higher stresses than the operational full J 10 
& N tube based OWCs. 11 
 12 
The quality of the hydrodynamics has been checked for numerical stability, in terms of conditioning 13 
numbers provided by the principal author’s MATTHEW software suite, together with checking of 14 
equality of radiation cross terms of added mass (inertia) and fluid damping coefficients and agreement 15 
between direct and indirect Haskind calculations of wave excitation. 16 
 17 
Sensitivity of excitation to wave heading is negligible and hence a head sea wave with formulation of 18 
coupled surge, heave and pitch is sufficient to permit representative motion response analysis; 19 
although all six degrees-of-freedom were investigated for hydrodynamic quality purposes. 20 
Therefore the hydrodynamic velocity potentials and motion responses are of sufficient quality to 21 
provide the complex variable based dynamic pressure loads necessary to proceed with the structural 22 
integrity enquiry pursued in the companion paper. 23 
 24 
The distinct pitch response of the simpler closed form model illustrated in Figure 24 has significant 25 
impact within the response spectrum of Figure 25. In reality the responses of interest are the resultant 26 
vertical motion (acceleration) dependent upon combined heave and pitch amplitude and phase 27 
information. For mooring considerations the surge and pitch influence upon horizontal excursion 28 
would be studied in greater depth, although viability of the moored device would ultimately be 29 
addressed in the time domain with inclusion of  integral memory terms, since actual response at any 30 
instant is as much a function of previous levels of excitation and response as current wave loading. 31 
 32 
An ad hoc procedure fort adding peak responses through the introduction of a viscous damping 33 
correction has been presented and shown to have impact on peak pitch response spectrum for low 34 
alpha values. 35 
 36 
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The frequency approach adopted is deemed to be of sufficient quality and detail to permit 1 
investigation of initial structural integrity for the device. The resulting stress analyses, with 2 
investigation on how to improve device survivability, are provided in the companion paper [16].  3 
 4 
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